Heterogenization of homogenous catalysts on solid support has attracted tremendous attention in organic synthesis due to the key benefits of heterogenized catalysts such as easy recovery and reusability. Although a considerable number of heterogenized catalysts are available, to the best of our knowledge, there is no efficient and reusable heterogenized catalyst reported for asymmetric reactions to date. Herein, we prepared a [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand covalently bonded to graphene nanosheets (G-CLRu(II), where G represents graphene oxide (GO), CL denotes chiral N-((1-phenylethyl)carbamothioyl)acetamide and Ru(II) symbolizes [RuCl 2 (η 6 -p-cymene)]), for the asymmetric transfer hydrogenation of ketones. Five simple steps were involved in the preparation of the G-CLRu(II) catalyst. The structure of G-CLRu(II) was investigated by means of various spectroscopic and microscopic techniques. Coordination mode and covalent bonding involved in the G-CLRu(II) structure we reconfirmed. G-CLRu(II) demonstrated good catalytic performance towards the asymmetric transfer hydrogenation of ketones (conversion of up to 95%, enantiomeric excesses (ee) of up to 99%, and turnover number (TON) and turnover frequency (TOF) values of 535.9 and 22.3 h −1 , respectively). A possible mechanism is proposed for the G-CLRu(II)-catalyzed asymmetric transfer hydrogenation of ketones. Recovery (~95%), reusability (fifth cycle, yield of 89% and ee of 81%), and stability of G-CLRu(II) were found to be good. We believe that the present stepwise preparation of G-CLRu(II) opens a new door for designing various metal-centered heterogenized chiral catalysts for asymmetric synthesis.
Introduction
Catalytic asymmetric synthesis is a prime way to produce various pharmaceutically important chiral molecules [1, 2] . Chiral alcohols obtained from the corresponding ketone via enantioselective synthesis are often found to play a significant role as intermediates in the synthesis of pharmaceuticals and agrochemicals [3] . Indeed, transition metal-catalyzed asymmetric transfer hydrogenation is a most suitable method to achieve such chiral alcohols in high yield with maximum enantiomeric excess [4] . To date, numerous transition metal complexes have been developed for homogeneous asymmetric catalysis [5] [6] [7] . Particularly, Ru(II)-chiral catalysts showed remarkable catalytic activity with high yield and selectivity. For instance, Baratta et al. [8] , found cyclometalated Ru(II)complexes are highly in the G-CLRu(II) structure were confirmed by means of various microscopic and spectroscopic techniques. Figure 1 and Figure S1 (Supplementary Materials) show the HRTEM images of G-CLRu(II) and its corresponding SAED pattern. The high-resolution TEM images revealed that the surface of G-CLRu(II) is very smooth without Ru nanoparticles on the surface of graphene oxide. However, the EDS spectrum and the corresponding elemental mapping confirmed the existence of a significant amount of Ru (1.97 wt%). The exact Ru content (1.83 wt%) was determined by digestion of G-CLRu(II) in hot HCl/HNO 3 followed by ICP-MS analysis. In addition to Ru, other elements such as C (67.56 wt%), O (23.79 wt%), S (1.99 wt%), Cl (3.59 wt%), N (1.32 wt%), and Ru (1.75 wt%) were also found in G-CLRu(II) (Figure 1 and Figure S1 in Supplementary Materials). The SAED pattern confirmed the amorphous nature of G-CLRu(II). It can be concluded that there is no reduction of [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand to Ru nanoparticles on the surface of the graphene sheet. Most of the existing heterogenized catalysts are highly limited due to the reduction/decomposition of the metal-centered ligand to corresponding nanoparticles on the solid support. For example, Sabater et al. [25] immobilized a NHC-Pd(II) complex on graphene oxide via non-covalent interaction. However, they observed a partial decomposition of the NHC-Pd(II) complex to Pd nanoparticles on the surface of graphene oxide. Similarly, Movahed et al. [26] also noticed the similar phenomenon when N-heterocyclic carbene-Pd complex was supported on graphene oxide via covalent interaction. In spite of that, the heterogenized catalysts showed high conversions in alkene hydrogenation, nitro reduction, oxidation of alcohols, and Suzuki coupling reactions. However, the decomposition of metal-centered ligand to nanoparticles could significantly reduce the selectivity of the product. More importantly, this type of heterogenized catalysts is not suitable for enantioselective synthesis. In the present case, no decomposition of [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand to Ru nanoparticles was observed.
Results and Discussion

Characterization of G-CLRu(II)
As shown in Scheme 1, [RuCl2(η 6 -p-cymene)]/chiralthiourea ligand was attached to graphene nanosheets (G-CLRu (II)) via covalent interactions. Five simple consecutive steps were involved in the stepwise wet synthesis of G-CLRu(II). Coordination mode and covalent bonding involved in the G-CLRu(II) structure were confirmed by means of various microscopic and spectroscopic techniques. Figures 1 and S1 (Supplementary Materials) show the HRTEM images of G-CLRu(II) and its corresponding SAED pattern. The high-resolution TEM images revealed that the surface of G-CLRu(II) is very smooth without Ru nanoparticles on the surface of graphene oxide. However, the EDS spectrum and the corresponding elemental mapping confirmed the existence of a significant amount of Ru (1.97 wt%). The exact Ru content (1.83 wt%) was determined by digestion of G-CLRu(II) in hot HCl/HNO3 followed by ICP-MS analysis. In addition to Ru, other elements such as C (67.56 wt%), O (23.79 wt%), S (1.99 wt%), Cl (3.59 wt%), N (1.32 wt%), and Ru (1.75 wt%) were also found in G-CLRu(II) (Figures 1 and S1 in Supplementary Materials). The SAED pattern confirmed the amorphous nature of G-CLRu(II). It can be concluded that there is no reduction of [RuCl2(η 6 -pcymene)]/chiralthiourea ligand to Ru nanoparticles on the surface of the graphene sheet. Most of the existing heterogenized catalysts are highly limited due to the reduction/decomposition of the metalcentered ligand to corresponding nanoparticles on the solid support. For example, Sabater et al. [25] immobilized a NHC-Pd(II) complex on graphene oxide via non-covalent interaction. However, they observed a partial decomposition of the NHC-Pd(II) complex to Pd nanoparticles on the surface of graphene oxide. Similarly, Movahed et al. [26] also noticed the similar phenomenon when Nheterocyclic carbene-Pd complex was supported on graphene oxide via covalent interaction. In spite of that, the heterogenized catalysts showed high conversions in alkene hydrogenation, nitro reduction, oxidation of alcohols, and Suzuki coupling reactions. However, the decomposition of metal-centered ligand to nanoparticles could significantly reduce the selectivity of the product. More importantly, this type of heterogenized catalysts is not suitable for enantioselective synthesis. In the present case, no decomposition of [RuCl2(η 6 -p-cymene)]/chiralthiourea ligand to Ru nanoparticles was observed. SEM images and corresponding EDS spectrum were taken for G-CLRu(II) ( Figure 2 ). The EDS spectrum of G-CLRu(II) showed the existence of C (66.48 wt%), O (25.47 wt%), S (2.05 wt%), Cl (2.95 wt%), N (1.08 wt%), and Ru (1.97 wt%). The elemental mapping showed that there were no other elements except C, O, N, S, Cl, N, and Ru, indicating that the preparation method is reliable. Moreover, the mapping results proved the uniform grafting of [RuCl2(η 6 -p-cymene)]/chiralthiourea ligand on graphene oxide. SEM images and corresponding EDS spectrum were taken for G-CLRu(II) ( Figure 2 ). The EDS spectrum of G-CLRu(II) showed the existence of C (66.48 wt%), O (25.47 wt%), S (2.05 wt%), Cl (2.95 wt%), N (1.08 wt%), and Ru (1.97 wt%). The elemental mapping showed that there were no other elements except C, O, N, S, Cl, N, and Ru, indicating that the preparation method is reliable. Moreover, the mapping results proved the uniform grafting of [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand on graphene oxide. The formation of the Ru(II)center containing chiral thiourea ligand on graphene oxide was confirmed by various spectroscopic techniques. In particular, the coordination mode and covalent bonding involved in the G-CLRu(II) structure were investigated in detail. Figure 3a shows the UV-Vis spectra of G-COOH, G-COCl, G-CONCS, G-CL, and G-CLRu(II) ( Figure 3a ). The UV-Vis spectrum of G-COOH showed two distinct absorption peaks at around 215 nm and 270 nm which can be ascribed to π-π* transition of the C=C bond and to n-π* transition of the -COOgroups, respectively [27] . However, the UV-Vis spectrum of G-COCl showed very weak absorption bands at ~215 nm and ~270 nm, which may be due to the conversion of the-COOH group to -COCl. Similarly, the UV-Vis spectra of G-CONCS and G-CL depictedweak absorption bands in the range of 210-330 nm and 450 nm, which confirms the covalent grafting of chiralthiourea ligand on graphene nanosheets. G-CLRu(II) showed four intense peaks at around 230 nm (π-π* transition of the C=C bond), 284 nm (n-π* transition of the C=O group), 338 nm (S(pπ)→M(dπ) (M =Ru 2+ ) LMCT transition), and 441 nm (d-d transition band) [28] . The results confirm the formation of the Rucomplex with graphene oxide. The formation of the Ru(II)center containing chiral thiourea ligand on graphene oxide was confirmed by various spectroscopic techniques. In particular, the coordination mode and covalent bonding involved in the G-CLRu(II) structure were investigated in detail. Figure 3a shows the UV-Vis spectra of G-COOH, G-COCl, G-CONCS, G-CL, and G-CLRu(II) ( Figure 3a ). The UV-Vis spectrum of G-COOH showed two distinct absorption peaks at around 215 nm and 270 nm which can be ascribed to π-π* transition of the C=C bond and to n-π* transition of the -COOgroups, respectively [27] . However, the UV-Vis spectrum of G-COCl showed very weak absorption bands at~215 nm and 270 nm, which may be due to the conversion of the-COOH group to -COCl. Similarly, the UV-Vis spectra of G-CONCS and G-CL depictedweak absorption bands in the range of 210-330 nm and 450 nm, which confirms the covalent grafting of chiralthiourea ligand on graphene nanosheets. G-CLRu(II) showed four intense peaks at around 230 nm (π-π* transition of the C=C bond), 284 nm (n-π* transition of the C=O group), 338 nm (S(pπ)→M(dπ) (M = Ru 2+ ) LMCT transition), and 441 nm (d-d transition band) [28] . The results confirm the formation of the Rucomplex with graphene oxide. Figure 3b shows the FT-IR spectra of G-COOH, G-COCl, G-CONCS, G-CL, and G-CLRu(II) ( Figure 3b ). The FT-IR spectrum of G-COOH showed characteristic features in the regions, 3430 cm −1 for ν(O-H), 1725 cm −1 for ν(C=O) from the C=O and COOH groups, 1380 cm −1 for ν(C-OH), and 1027 cm −1 ν(C-O). In addition, the peaks at around 1639 cm −1 wereascribed to the skeletal vibrations from unoxidized graphitic domains and the peak at~2900 cm −1 corresponds to aromatic ν(C-H) bonds of graphene oxide. In comparison to G-COOH, the FT-IR spectra of G-CL and G-CLRu(II) changedslightly changed (including new peaks, peak shifting, and variations in the peak intensities), which is due to the attachment of the chiral-Rucomplex to the surface of graphene oxide [29, 30] . The FT-IR spectra of G-CL showed peaks at 3076-3312, 1698-1725, and 1256-1271 cm −1 thatwere assigned to ν(N-H), ν(C-O), and ν(C=S), respectively. On complexation, the peaks of ν(N-H) and ν(C=O) were observedto be unchanged, whereas the peak at 1256-1271 cm −1 ν(C=S) shifted towards higher frequencies, indicating the sulfur-only coordination mode of the chiral thiourea ligands [31] . In addition, FT-IR spectra of both G-CL and G-CLRu(II) showed new peaks at 697, 851, 1467, and 1505 cm −1 ,whichcorresponds to absorptions of the benzene ring of the chiral ligand segments [30] .
Raman spectra were recorded for the fresh G, G-COOH, G-COCl, G-CONCS, G-CL, and G-CLRu(II) in order to study the chemical and structural changes before and after Rucomplex grafting (Figure 3c ). Characteristic G-band and D-band lines were observed for all the five samples. The D-band line (~1355 cm −1 ) is related to the amount of defect sites, whereas the G-band line (~1570 cm −1 ) is associated with the vibrations of sp 2 -bonded carbon networks [32] . The ID/IG ratio was calculated from the intensities of G-band and G-band lines for all the five samples ( Figure 3c ). In comparison to C-COOH (0.792), the ID/IG ratiosof G-COCl and G-CONCS werecalculated to be high. The increase in the ID/IG ratio is mainly due to the formation of more defects in the graphene planes [32] . The ID/IG ratio of 0.696 was calculated for G-CL, whereas, after complexation, the value significantly increased to 1.009. In the present case, the formation of defects is only due to the covalent grafting of Ru(II)-chiral thiourea ligands on graphene oxide.
The formation of the Ru(II)-chiral complex with the graphene nanosheet was further analyzed by 1 H and 13 C NMR spectra (see Figures S8-S13 in Supplementary Materials). Figure 4 shows the chemical shift values in ppm ( 1 H and 13 C NMR) observedfor the [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand covalently bonded to graphene nanosheets. As noted in Figure 4 , the significant signals were clearly observed (see NMR spectra in Supplementary Materials). In the 1 H NMR spectrum of G-CLRu(II), the signals corresponding to p-cymene areclearly seen at 1.20 ppm (singlet, 2CH 3 ofp-cymene), 2.37 ppm (multiplet, CH 3 ofp-cymene), 2.97 ppm (multiplet, CH ofp-cymene), and 5.20-5.40 ppm (multiplet, aromatic protons ofp-cymene). Similarly, the signals corresponding to chiral Ru(II) complex are observedat 1.48 ppm (doublet, CH 3 In order to investigate the redox behavior and stability of G-CLRu(II), CV curves were recorded. Figure 5 shows the CV curves of G-Cl and G-CLRu(II) recorded in MeCN containing tetrabutylammonium perchlorate at a potential range 0 to +2.0 V with a scan rate of 100 mV·s −1 . In general, the Rucomplexes possibly undergo one-electron redox reaction between Ru(II) and Ru(III). The present G-CLRu(II) showsquasi-reversible (Ipa/Ipc = 1) (at 0.57 vs. SCE) waves correspondingto the one-electron oxidation of Ru(II) to Ru(III) ( Figure 5a ) [35] . The waves corresponding to Ru(II) ⇄ Ru(III) interconversion are highly reproducible as quasi-reversible at different scans and concentrations ( Figure 5b ). However, there are no additional peaks observed for other samples, such as G-COOH, G-COCl, G-CONCS, and G-Cl (data not shown). It is proved that the higher redox potential indicates the good stability of the complexes, whereas the lower redox potential of the complex should increase the interconversion [35] . The higher redox potential observed for the present G-CLRu(II) confirmed the greater stability of the Ru(II)complexes upon coordination of the chiral thiourea ligand [35, 36] . In order to investigate the redox behavior and stability of G-CLRu(II), CV curves were recorded. Figure 5 shows the CV curves of G-Cl and G-CLRu(II) recorded in MeCN containing tetrabutylammonium perchlorate at a potential range 0 to +2.0 V with a scan rate of 100 mV·s −1 . In general, the Rucomplexes possibly undergo one-electron redox reaction between Ru(II) and Ru(III). The present G-CLRu(II) showsquasi-reversible (I pa /I pc = 1) (at 0.57 vs. SCE) waves correspondingto the one-electron oxidation of Ru(II) to Ru(III) (Figure 5a ) [35] . The waves corresponding to Ru(II) Catalysts 2020, 10, x FOR PEER REVIEW 8 of 21 In order to investigate the redox behavior and stability of G-CLRu(II), CV curves were recorded. Figure 5 shows the CV curves of G-Cl and G-CLRu(II) recorded in MeCN containing tetrabutylammonium perchlorate at a potential range 0 to +2.0 V with a scan rate of 100 mV·s −1 . In general, the Rucomplexes possibly undergo one-electron redox reaction between Ru(II) and Ru(III). The present G-CLRu(II) showsquasi-reversible (Ipa/Ipc = 1) (at 0.57 vs. SCE) waves correspondingto the one-electron oxidation of Ru(II) to Ru(III) (Figure 5a ) [35] . The waves corresponding to Ru(II) ⇄ Ru(III) interconversion are highly reproducible as quasi-reversible at different scans and concentrations ( Figure 5b ). However, there are no additional peaks observed for other samples, such as G-COOH, G-COCl, G-CONCS, and G-Cl (data not shown). It is proved that the higher redox potential indicates the good stability of the complexes, whereas the lower redox potential of the complex should increase the interconversion [35] . The higher redox potential observed for the present G-CLRu(II) confirmed the greater stability of the Ru(II)complexes upon coordination of the chiral thiourea ligand [35, 36] .
Ru(III) interconversion are highly reproducible as quasi-reversible at different scans and concentrations ( Figure 5b ). However, there are no additional peaks observed for other samples, such as G-COOH, G-COCl, G-CONCS, and G-Cl (data not shown). It is proved that the higher redox potential indicates the good stability of the complexes, whereas the lower redox potential of the complex should increase the interconversion [35] . The higher redox potential observed for the present G-CLRu(II) confirmed the greater stability of the Ru(II)complexes upon coordination of the chiral thiourea ligand [35, 36] .
Catalysts 2020, 10, 175 9 of 21 Catalysts 2020, 10, x FOR PEER REVIEW 9 of 21 Figure S2 (see Supplementary Materials). For all five samples, two characteristic peaks, C 1s and O 1s, were observed at around 285 and 532 eV, respectively. In order to study the functional groups bonded to the surface of graphene oxide, curve fitting was performed for selected XPS peaks using Gaussian-Lorentzian peak shape after a Shirley baseline correction. The deconvoluted XPS C 1s peak of G-COOH showed four intense peaks at around 284-285 eV (C-C and C-H), 285.4 (C-OH), 286.7 (C=O), and 288.2 eV (-COOH) ( Figure S3 in Supplementary Materials) [37] .Similarly, the deconvolution of O 1s peak of G-COOH resulted in four peaks located at 530.2, 531.2, 532.4, and 534.2 eV, which were assigned to C=O, −COOH, C-OH, and H2O ( Figure S3 in Supplementary Materials) [38] . The results indicate that the G-COOH has a -COOH group attached to the surface of graphene oxide. The G-COCl showed a Cl peak at 199.6 eV, which indicates the conversion of acid (-COOH) to acid chloride (-COCl) ( Figure S4 in Supplementary Materials) [39] . The XPS spectrum of G-COCl after treatment with KSCN showed two new peaks at around 162.6 eV (S 2p) and 397.8 eV (N 1s),while the peak corresponding to Cl 2p (199.6 eV) completely disappeared (Figure 6d ). This clearly indicates the replacement of -Cl from -COCl with the thiocyanate group (-SCN) ( Figures S4 and S5 in Supplementary Materials). The XPS spectrum of G-CL showed peaks in four different regions, such as C 1s (285 eV), O 1s (531 eV), N 1s (398 eV), and S 1s (163 eV). In comparison to the other four samples (G-COOH, G-COCl, G-CONCS, and G-CL), G-CLRu(II) showed new peaks in the Ru 2p region (Ru 3p3/2 = 461.5 eV and Ru 3p5/2 = 484.5 eV) ( Figure 6f ) [38] . Similarly, G-CLRu(II) showed an intense new peak in the Cl 2p region (199.6 eV) attributed to the Cl-Ru-Cl group [40] . In order to understand the coordination of Ru, the peak position of N 1s, S 1s, and O 1s of G-CLRu(II) was compared with G-CL. It can be seen that the peak position of S 1s is significantly shifted towards higher binding energy (from 162.5 eV to 164.1 eV), whereas the N 1s and O 1s peak positions (398 eV and 531 eV) were observed to be unchanged, which indicates the monodentate neutral coordination of the S atom to the Ru.
The XPS spectrum of G-CLRu(II) was investigated in detail by deconvoluting the C 1s, O 1s, N 1s, Cl 2p, S 2p, and Ru 2p peaks (Figure 7) . The deconvolution of the C 1s peak resulted in four peaks at 283.5-284.1 eV (C-C and C-H), 284.9 eV (C-OH), and 287.5 eV (C=O). In addition, a weak peak at 280.3 eV is attributed to the Ru (+2) (Figure 7a ) [39] . Investigating the positions of the deconvoluted C 1s peaks confirmed the presence of C-OH and C=O groups in the G-CLRu(II) structure. Interestingly, the N 1s peak was deconvoluted into two intense peaks at 397.7 (-CONH) and 398.1 eV (C=O and C=S attached N-H) [41, 42] . The Cl 2p peak fitting resulted in three obvious peaks at 196.3 (HCl), 197.3 (Cl-Ru-Cl) and 198.3 eV (Figure 7d ) [39] . The S 2p peak at 164.2 eV may be due to the photoemission from the C=S group [41] .The new peaks in the Ru 2p region at 461.5 eV (Ru 3p3/2) and 484.5 eV (Ru 3p5/2) were observed for G-CLRu(II) [43] . In addition, the deconvoluted C 1s peak at 280.1 eV (Ru II 3d5/2) confirms the presence of the Ru(II)center in the G-CLRu(II) structure (Figure 7a ) Figure S2 (see Supplementary Materials) . For all five samples, two characteristic peaks, C 1s and O 1s, were observed at around 285 and 532 eV, respectively. In order to study the functional groups bonded to the surface of graphene oxide, curve fitting was performed for selected XPS peaks using Gaussian-Lorentzian peak shape after a Shirley baseline correction. The deconvoluted XPS C 1s peak of G-COOH showed four intense peaks at around 284-285 eV (C-C and C-H), 285.4 (C-OH), 286.7 (C=O), and 288.2 eV (-COOH) ( Figure S3 in Supplementary Materials) [37] .Similarly, the deconvolution of O 1s peak of G-COOH resulted in four peaks located at 530.2, 531.2, 532.4, and 534.2 eV, which were assigned to C=O, −COOH, C-OH, and H 2 O ( Figure S3 in Supplementary Materials) [38] . The results indicate that the G-COOH has a -COOH group attached to the surface of graphene oxide. The G-COCl showed a Cl peak at 199.6 eV, which indicates the conversion of acid (-COOH) to acid chloride (-COCl) ( Figure S4 in Supplementary Materials) [39] . The XPS spectrum of G-COCl after treatment with KSCN showed two new peaks at around 162.6 eV (S 2p) and 397.8 eV (N 1s), while the peak corresponding to Cl 2p (199.6 eV) completely disappeared (Figure 6d ). This clearly indicates the replacement of -Cl from -COCl with the thiocyanate group (-SCN) ( Figures S4 and S5 in Supplementary Materials). The XPS spectrum of G-CL showed peaks in four different regions, such as C 1s (285 eV), O 1s (531 eV), N 1s (398 eV), and S 1s (163 eV). In comparison to the other four samples (G-COOH, G-COCl, G-CONCS, and G-CL), G-CLRu(II) showed new peaks in the Ru 2p region (Ru 3p 3/2 = 461.5 eV and Ru 3p 5/2 = 484.5 eV) ( Figure 6f ) [38] . Similarly, G-CLRu(II) showed an intense new peak in the Cl 2p region (199.6 eV) attributed to the Cl-Ru-Cl group [40] . In order to understand the coordination of Ru, the peak position of N 1s, S 1s, and O 1s of G-CLRu(II) was compared with G-CL. It can be seen that the peak position of S 1s is significantly shifted towards higher binding energy (from 162.5 eV to 164.1 eV), whereas the N 1s and O 1s peak positions (398 eV and 531 eV) were observed to be unchanged, which indicates the monodentate neutral coordination of the S atom to the Ru.
The XPS spectrum of G-CLRu(II) was investigated in detail by deconvoluting the C 1s, O 1s, N 1s, Cl 2p, S 2p, and Ru 2p peaks (Figure 7) . The deconvolution of the C 1s peak resulted in four peaks at 283.5-284.1 eV (C-C and C-H), 284.9 eV (C-OH), and 287.5 eV (C=O). In addition, a weak peak at 280.3 eV is attributed to the Ru (+2) (Figure 7a ) [39] . Investigating the positions of the deconvoluted C 1s peaks confirmed the presence of C-OH and C=O groups in the G-CLRu(II) structure. Interestingly, the N 1s peak was deconvoluted into two intense peaks at 397.7 (-CONH) and 398.1 eV (C=O and C=S attached N-H) [41, 42] . The Cl 2p peak fitting resulted in three obvious peaks at 196.3 (HCl), 197.3 (Cl-Ru-Cl) and 198.3 eV (Figure 7d ) [39] . The S 2p peak at 164.2 eV may be due to the photoemission from the C=S group [41] . The new peaks in the Ru 2p region at 461.5 eV (Ru 3p 3/2 ) and 484.5 eV (Ru 3p 5/2 ) were observed for G-CLRu(II) [43] . In addition, the deconvoluted C 1s peak at 280.1 eV (Ru II 3d 5/2 ) confirms the presence of the Ru(II)center in the G-CLRu(II) structure ( Figure 7a) [44, 45] . Overall, the results confirmed that the [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand was constructed on the graphene nanosheet. The coordination mode and covalent bonding involved in the G-CLRu(II) structure were also verified.
Catalysts 2020, 10, x FOR PEER REVIEW 10 of 21 [44, 45] . Overall, the results confirmed that the [RuCl2(η 6 -p-cymene)]/chiralthiourea ligand was constructed on the graphene nanosheet. The coordination mode and covalent bonding involved in the G-CLRu(II) structure were also verified. 
Asymmetric Transfer Hydrogenation of Ketones
After being characterized, G-CLRu(II) was used as catalyst for the asymmetric transfer hydrogenation of ketones. To the best of our knowledge, this is one of the best heterogenized chiral catalysts reported for the asymmetric transfer hydrogenation of ketones. The reduction of acetophenone to 1-phenylethanol in 2-propanol was employed as a model reaction (Table 1 ). It was found that the activity and stability of the present G-CLRu(II) are highly influenced by the reaction condition. Catalyst amount, base, temperature, and time were screened to find out the most suitable reaction conditions. A trace amount of the desired product, 1-phenylethanol, was observed when a reaction mixture (acetophenone (1 mmol), 2-propanol (5 mL) and KOH (1 mmol)) was refluxed in the absence of G-CLRu(II) for 24 h (Table 1, entry 1) . Similarly, the fresh graphene was found to be inactive in the reduction reaction. The reaction performed in the presence of G-CLRu(II) showed a high yield of 95%. The ee was calculated to be 97% and the absolute configuration was determined to be S. Interestingly, the graphene impregnated with [RuCl2(η 6 -p-cymene)]/chiralthiourea ligand 
After being characterized, G-CLRu(II) was used as catalyst for the asymmetric transfer hydrogenation of ketones. To the best of our knowledge, this is one of the best heterogenized chiral catalysts reported for the asymmetric transfer hydrogenation of ketones. The reduction of acetophenone to 1-phenylethanol in 2-propanol was employed as a model reaction (Table 1 ). It was found that the activity and stability of the present G-CLRu(II) are highly influenced by the reaction condition. Catalyst amount, base, temperature, and time were screened to find out the most suitable reaction conditions. A trace amount of the desired product, 1-phenylethanol, was observed when a reaction mixture (acetophenone (1 mmol), 2-propanol (5 mL) and KOH (1 mmol)) was refluxed in the absence of G-CLRu(II) for 24 h (Table 1, entry 1) . Similarly, the fresh graphene was found to be inactive in the reduction reaction. The reaction performed in the presence of G-CLRu(II) showed a high yield of 95%. The ee was calculated to be 97% and the absolute configuration was determined to be S. Interestingly, the graphene impregnated with [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand (non-covalently attached) showed similar yields; however, the reusability of the catalyst was found to be very low due to leaching of the catalysts. A 5 mg amount of G-CLRu(II) was found to be not enough since it gave only 43% of the desired product (Table 1, entry 2). The optimum amount of G-CLRu(II) was 10 mg, while increasing the amount of G-CLRu(II) showed no improvement in the yield (Table 1 , entries 3 and 4). Choosing a suitable base is very important in this catalytic system. Among three different bases (KOH, NaOH, and (CH 3 ) 3 COK) tested, KOH was found to be the best one (yield of 95% and ee of 97%) (Table 1, entries 3, 5, and 6). The use of NaOH or (CH 3 ) 3 COK showed a better 99% yield of the product (Table 1 , entries 5 and 6); however, the ee values were found to be low (about 60%) when compared to the reaction carried out using KOH. It was found that the temperature also played a crucial role in thiscatalytic system. The model reaction was performed at four different temperatures (27, 50, 70 , and 82 • C) (Table 1 , entries 3, 7-9). The reaction required areflex temperature of 82 • C to achieve the maximum yield of 95% with 95% ee. Subsequently, reaction time was also optimized (Table 1, entries 10-15). This catalytic system yielded95% of the desired product after the reaction was stirred for 24 h. Overall, stirring the mixture of 10 mg of G-CLRu(II), 1 mmol of acetophenone, 1 mmol of KOH, and 5 mL of 2-propanol at 82 • C for 24 h yielded 95% of the desired product with 97% ee. The turnover number (TON) and turnover frequency (TOF) values were also calculated (TON = (molar amount of product)/(molar amount of active sites), and TOF = TON/(time in h)). Remarkably very high TON and TOF values of 524.9 and 21.9 h −1 were obtained for the present G-CLRu(II) system. However, the heterogenized polyligand/[Ru(p-cymene)Cl 2 ] catalyst yielded63% of the desired product with 70% ee [13] . Similarly, Ru(II)-chiral complex-supported mesoporous silica nanosphere (MSN-48) gave only 77% of the product with 86% ee [11] . Similarly, this catalytic system is found to be better in comparison topreviously reported heterogenized catalysts (see Scheme 2) [46] [47] [48] [49] [50] [51] [52] . In the present case, π-stacking interactions with the graphene sheets might have provided further π-delocalization that improved the activity of the [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand covalently bonded to graphene nanosheets (G-CLRu(II)). The present G-CLRu(II) was used to catalyze the 1-(3-nitrophenyl)ethan-1-one, 3-acetylpyridine, and (4-fluorophenyl)(phenyl)methanone under the optimized reaction conditions. The reduction of 1-(3-nitrophenyl)ethan-1-one, 3-acetylpyridine, and (4-fluorophenyl)(phenyl)methanone by G-CLRu(II) producesthe corresponding chiral alcohols in good yields with maximum ee % and TON/TOF values. The absolute configuration determined from the optical rotation values was S for all four products ((S)-1-phenylethan-1-ol, (S)-1-(3-nitrophenyl)ethan-1-ol, (S)-1-(pyridin-3-yl)ethan-1-ol, and (4-fluorophenyl)(phenyl)methanol). Under the optimized reaction conditions, G-CLRu(II) produced(S)-1-(3-nitrophenyl)ethan-1-ol in a 97% yield with very high 99% ee and TON/TOF values of 535.9/22.3 h −1 .The reduction of 3-acetylpyridine produced(S)-1-(pyridin-3-yl)ethan-1-ol in a 97% yield with very high 99% ee and TON/TOF values of 535.9/22.3 h −1 . Similarly, an89% yield of (4-Scheme 2. Activity of reported heterogenized chiral catalysts for the asymmetric transfer hydrogenation of ketones [11, 13, [41] [42] [43] [44] [45] [46] [47] .
The present G-CLRu(II) was used to catalyze the 1-(3-nitrophenyl)ethan-1-one, 3-acetylpyridine, and (4-fluorophenyl)(phenyl)methanone under the optimized reaction conditions. The reduction of 1-(3-nitrophenyl)ethan-1-one, 3-acetylpyridine, and (4-fluorophenyl)(phenyl)methanone by G-CLRu(II) producesthe corresponding chiral alcohols in good yields with maximum ee % and TON/TOF values. The absolute configuration determined from the optical rotation values was S for all four products ((S)-1-phenylethan-1-ol, (S)-1-(3-nitrophenyl)ethan-1-ol, (S)-1-(pyridin-3-yl)ethan-1-ol, and (4-fluorophenyl)(phenyl)methanol). Under the optimized reaction conditions, G-CLRu(II) produced(S)-1-(3-nitrophenyl)ethan-1-ol in a 97% yield with very high 99% ee and TON/TOF values of 535.9/22.3 h −1 .The reduction of 3-acetylpyridine produced(S)-1-(pyridin-3-yl)ethan-1-ol in a 97% yield with very high 99% ee and TON/TOF values of 535.9/22.3 h −1 . Similarly, an89% yield of (4-fluorophenyl)(phenyl)methanol) with high ee of 93% was obtained from the G-CLRu(II)-catalyzed asymmetric transfer hydrogenation of (4-fluorophenyl)(phenyl)methanone. The TON/TOF values were calculated as 491.7 and 20.5 h −1 . Aliphatic ketones such as hexan-2-one and octan-2-one were also transformed to the corresponding alcohols. The reduction of hexan-2-one producedhexan-2-ol in a 79% yield with ee of 91% (TON of 436.5 and TOF of 18.1 h −1 ). Similarly, a 67% yield of octan-2-ol with ee of 83% was obtained by the reduction of octan-2-one in the presence of G-CLRu(II). The TON/TOF values of 370.2/15.4 h −1 wereobtained.Both hexan-2-ol and octan-2-ol possess the S configuration. The catalytic activity of the present G-CLRu(II) was compared with that of already reported heterogenized chiral ligands (Scheme 2). It can be seen that most of the heterogenized catalysts are silica-based systems. Very few reports deal with the role of magnetic nanoparticles and biopolymers (like chitosan) as a platform for the heterogenization of active chiral catalysts. In spite of the unique physicochemical properties, graphene oxide has not been much studied for enantioselective heterogeneous catalysis. To the bestof our knowledge, this is the first efficient and stable graphene-based heterogenized Ru(II)-chiral catalyst for the asymmetric transfer hydrogenation of ketones.
A possible mechanism is proposed for the transfer hydrogenation of acetophenone catalyzed by G-CLRu(II) (Figure 8 ). In the first step, the reaction between G-CLRu(II) and 2-propanol in the presence of KOH (1) forms a Ru-alkoxide active species (2) and subsequently generates an 18-electron Ru-hydride intermediate via intramolecular hydrogen transfer. Subsequently, in the second step, the Ru-hydride species interacts with acetophenone through Ru−H and N−H units to form a six-membered transition state (3) (follow Noyori's outer-sphere mechanism) [53] . Finally, the corresponding chiral (S)-1-phenylethan-1-ol from 3 is obtained. . It can be seen that most of the heterogenized catalysts are silica-based systems. Very few reports deal with the role of magnetic nanoparticles and biopolymers (like chitosan) as a platform for the heterogenization of active chiral catalysts. In spite of the unique physicochemical properties, graphene oxide has not been much studied for enantioselective heterogeneous catalysis. To the bestof our knowledge, this is the first efficient and stable graphene-based heterogenized Ru(II)-chiral catalyst for the asymmetric transfer hydrogenation of ketones. A possible mechanism is proposed for the transfer hydrogenation of acetophenone catalyzed by G-CLRu(II) (Figure 8 ). In the first step, the reaction between G-CLRu(II) and 2-propanol in the presence of KOH (1) forms a Ru-alkoxide active species (2) and subsequently generates an 18-electron Ru-hydride intermediate via intramolecular hydrogen transfer. Subsequently, in the second step, the Ru-hydride species interacts with acetophenone through Ru−H and N−H units to form a sixmembered transition state (3) (follow Noyori's outer-sphere mechanism) [53] . Finally, the corresponding chiral (S)-1-phenylethan-1-ol from 3 is obtained. 
Recovery, Reusability, and Stability
The most challenging properties of heterogenized catalysts to be achieved are recovery, stability, and reusability. In order to confirm the stability of the present G-CLRu(II), a hot filtration test was carried out. In the typical hot filtration test, a mixture of G-CLRu(II) (10 mg), acetophenone (1 mmol), 
The most challenging properties of heterogenized catalysts to be achieved are recovery, stability, and reusability. In order to confirm the stability of the present G-CLRu(II), a hot filtration test was carried out. In the typical hot filtration test, a mixture of G-CLRu(II) (10 mg), acetophenone (1 mmol), KOH (1 mmol), and 2-propanol (5 mL) was stirred at 82 • C for 12 h [34] . Subsequently, the catalyst was recovered from the reaction mixture by centrifugation and the filtrate was continually stirred for another 12 h. The reaction mixture was tested by GC and ICP-MS analysis. The yield of the desired product was determined to be 45% and the ICP-MS result showed that there was no Rucontent in the reaction mixture (Figure 9 ). In addition, the recovery percentage of the G-CLRu(II) was found to be over 95% (about 9.5 mg of G-CLRu(II) was recovered from 10 mg of the reaction mixture). Moreover, the filtrate stirred for 12 h also showed no significant increase in the yield of the product. The results confirmed that the G-CLRu(II) is stable and easily recoverable. KOH (1 mmol), and 2-propanol (5 mL) was stirred at 82°C for 12 h [34] . Subsequently, the catalyst was recovered from the reaction mixture by centrifugation and the filtrate was continually stirred for another12 h. The reaction mixture was tested by GC and ICP-MS analysis. The yield of the desired product was determined to be 45% and the ICP-MS result showed that there was no Rucontent in the reaction mixture (Figure 9 ). In addition, the recovery percentage of the G-CLRu(II) was found to be over 95% (about 9.5 mg of G-CLRu(II) was recovered from 10 mg of the reaction mixture). Moreover, the filtrate stirred for 12 h also showed no significant increase in the yield of the product. The results confirmed that the G-CLRu(II) is stable and easily recoverable. Most of the heterogenized catalysts suffer from poor reusability and selectivity due to theirinstability under various reaction conditions. In fact, the reduction of metal-ligand to nanoparticles on the solid support is observed to be the major possible reason for this issue. This catalytic system showed good reusability even after the fifth use. G-CLRu(II) can be used for at least five cycles without significant loss in its catalytic activity. At the second cycle, G-CLRu(II) showed 93% of the desired product and the ee was calculated to be 95%. It was observedthat the yield of the product was maintained but that the ee was slightly decreased after the fifth cycle. G-CLRu(II) after the fifth cycle use was tested by HRTEM imaging. The result showed no particle formation ( Figure  S7 in Supplementary Materials) . Overall, G-CLRu(II) is highly recoverable, stable, and reusable. Indeed, the stepwise synthesis of the present G-CLRu(II) is the key factor for the good stability and recovery,thus showing great potential practical applications. Most of the heterogenized catalysts suffer from poor reusability and selectivity due to theirinstability under various reaction conditions. In fact, the reduction of metal-ligand to nanoparticles on the solid support is observed to be the major possible reason for this issue. This catalytic system showed good reusability even after the fifth use. G-CLRu(II) can be used for at least five cycles without significant loss in its catalytic activity. At the second cycle, G-CLRu(II) showed 93% of the desired product and the ee was calculated to be 95%. It was observedthat the yield of the product was saturated calomel electrode (SCE) as reference electrode, and platinum wire as auxiliary electrode. Cyclic voltammograms were recorded at a 100 mV·s −1 scan rate. The complexes were dissolved in MeCN containing the necessary amount of tetra butyl ammonium per chlorate [(n-Bu 4 N)(ClO 4 )], used as the supporting electrolyte. XPS spectra were recorded on a Kratos Axis-Ultra DLD device (Kratos Analytical Ltd., Japan). During the XPS analysis, the samples were irradiated with Mg Kα ray source. A Shimadzu GC 2010 gas chromatograph (Kyoto, Japan) with a Restek-5 capillary column and a Shimadzu HPLC instrument (Kyoto, Japan) with a Daicel Chiralcel OB-H column were used to study the catalytic performance. A Rudolph Autopol IV polarimeter (Hackettstown, NJ, USA) was used to measure specific rotation values.
Procedure for G-CLRu(II)-Mediated Asymmetric Transfer Hydrogenation
A mixture of G-CLRu(II) (10 mg, 0.181 mol %), acetophenone (1 mmol), KOH (1 mmol), and 2-propanol (5 mL) was magnetically stirred under N 2 atmosphere at 82 • C for 24 h. Progress of the reaction was monitored by GC and the ee values were determined using HPLC with a Chiralcel OB-H column. Prior to the GC and HPLC analysis, G-CLRu(II) was removed from the reaction mixture by centrifugation for the recycle experiment. After completion of the reaction, the reaction mixture was cooled to room temperature and then passed through a short silica gel column with n-hexane/ethyl acetate. 1 H and 13 C NMR spectra were also recorded for the final products. The recovered G-CLRu(II) was washed well with 2-propanol and used for reusability and stability tests.
Conclusions
In conclusion, [RuCl 2 (η 6 -p-cymene)]/chiralthiourea ligand was constructed on graphene nanosheets by a simple stepwise synthesis. Coordination mode and covalent bonding involved in the G-CLRu(II) structure were supported by spectroscopic techniques. G-CLRu(II) demonstrated good catalytic performance with respect to theasymmetric transfer hydrogenation of ketones (yields of up to 95%, ee of up to 99%, and TON/TOF values of 535.9/22.3 h −1 ). To the best of our knowledge, this is one of the best heterogenized catalysts reported for the asymmetric transfer hydrogenation of ketones to date. Recovery (~99%), reusability (fifth cycle, yield of 89% and ee of 81%), and stability of G-CLRu(II) were also found to be good. Overall, due to high activity, stability, reusability, and recovery, the preset stepwise preparation of G-CLRu(II) opens a new door for designing various chiral-centered heterogenized catalysts for asymmetric synthesis.
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